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Siderophores, biogenic chelating agents that facilitate the
solubilization and uptake of ferric iron, form stable complexes
with a wide range of nutrient and contaminant metals and
thus may profoundly affecttheir fate, transport, and hiogeochemical
cycling. To understand more comprehensively the factors

that control the stability and reactivity, as well as the potential
for microbial uptake, of metal—siderophore complexes, we
probed the structures of complexes formed between the
trihydroxamate siderophore desferrioxamine B (DFOB) and
Cu(11), Ga(l1), Mn(I1), Ni(l1), and Zn(1l) in solution by using extended
X-ray absorption fine structure (EXAFS) spectroscopy. We

find that all metals studied are dominantly in octahedral
coordination, with significant Jahn—Teller distortion of the
Cu(l)HDFOB® complex. Additionally, log-transformed complex
stability constants correlate not only with the charge-normalized
interatomic distances within the complex, affirming and
expanding existing predictive relationships, but also with the
Debye—Waller parameter of the first coordination shell.

The derived structure—activity relationships not only quantitatively
relate the measured physical architecture of aqueous
complexes to their observed stability but also allow for the
prediction of siderophore—metal stability constants.

Introduction

In addition to Fe(IIl), siderophores form stable complexes
with a number of contaminant metals (1—8), which may affect
their sorption to mineral surfaces (9— 12) and redox chemistry
(13—17), and thus their ultimate fate and transport in the
environment. Siderophores are a chemically diverse group
of compounds, containing multidentate combinations of
hydroxamate, carboxylate, and catecholate moieties (18);
currently, approximately 500 different molecular structures
classified as siderophores are known (19). The specificity of
siderophores for different metal cations, as well as the stability
of the resulting complexes, is closely linked to their structures.
For desferrioxamine B (DFOB), a trihydroxamate siderophore
produced by several species of Streptomyces (20), the
terrestrial bacterium Anthrobacter simplex (21), and marine
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bacteria (22, 23), chelation of Fe(III) results in delocalization
of electrons of the C=0 and N—O™ groups in the hydroxamate
moieties that bind directly to the central metal ion, an effect
that stabilizes the complex (24, 25).

The stability constants of metal—siderophore complexes
are critical parameters for the accurate assessment of their
effects on metal fate and transport, and an extensive database
of these constants may lead to improved predictive geochem-
ical models. To estimate these parameters, a correlation has
been established between the log-transformed stability
constant and both the log-transformed first hydrolysis
constant (6, 26—28) and some form of the ionic potential or
ionic force [e.g., z/IR (27) or z/ (47IR?) (29)] of the complexed
metal ion. Both types of correlation can be rationalized by
noting thatincreased metal ion hardness results in increased
coulomb interaction strength with the hard oxygen atoms in
the hydroxamate moieties of DFOB; the second type of
correlation also highlights the close relationship between
chemical stability and molecular structure, although this
correlation is based solely on the average properties of metal
ions derived from crystallographic data for solid phases. To
date, the molecular structures of only a few metal-DFOB
complexes have been rigorously characterized as aqueous
species (16, 24, 25, 30—32).

Understanding the coordination chemistry and stability
of aqueous metal—siderophore complexes is essential to
elucidating the factors that control their biological uptake
by microbes. Ferric iron has traditionally been considered
the exclusive target ion for siderophores, and its roles in
Fe(III) solubilization (33) and uptake (18) have been recently
reviewed; however, other metals may have stability constants
that exceed Fe(II)’s binding constant (16, 34). In addition,
microbial deficiencies of other metals (viz. Mo, V) may
stimulate siderophore production and metal uptake via
siderophore-mediated pathways (35, 36). Metals from sid-
erophore complexes may enter microbial cells by several
routes (20, 37—39), including (1) reduction and concomitant
release of the metal center, (2) exchange of the metal from
the siderophore to another high-affinity ligand, and (3) uptake
of the intact complex. Although these uptake processes
operate by different mechanisms, the fundamental factors
that control uptake via these pathways are related to chemical
stability and physical structure of the metal—siderophore
complexes.

In this study, we examine the molecular architecture of
aqueous metal-DFOB complexes using extended X-ray
absorption fine structure (EXAFS) spectroscopy. Desferri-
oxamine B was chosen as the siderophore because the
stability constants for a wide range of metal-DFOB com-
plexes are known (1, 2, 16, 19, 40) and it is an environmentally
widespread ligand, occurring in fresh (41) and marine waters
(22, 23). The metals studied were chosen for their environ-
mental importance as nutrients and/or contaminants (Cu,
Zn, Mn, and Ni), or because of their useful role in the study
of metal complexation chemistry (Ga). Direct measurement
of the molecular architecture of these aqueous metal
complexes allows for the exploration of quantitative struc-
ture—activity relationships (QSARs) that may further our
fundamental understanding of metal—siderophore binding
and serve as a predictive tool for estimating complex structure
and stability.

Experimental Section

Materials. All solutions are made with deionized water with
a resistivity of 18.3 MQ-cm. Unless otherwise specified, all
other chemicals are ACS reagent grade. The sample of
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DFOB utilized in this study is the mesylate salt
[(CasH46N505NH3) T (CH3S03) 7] produced under the trade
name Desferal. The sample is a gift from the Salutar Corp.
The basic procedure for preparing solution containing
M""HDFOB" 2 complexes (50 mM) was the addition of the
chloride salts [Cu(II), Ni(I), and Zn(II)] to a stoichometric
concentration of DFOB dissolved in a small amount of water.
The pH was set with addition of NaOH and HCI to values
chosen to optimize the aqueous speciation (not shown) as
the M"*HDFOB" 2 complex by using MINEQL+ (42) and
published stability constants (Table 1 in Supporting Infor-
mation) (I, 2, 14, 16, 19) corrected to the infinite dilution
reference state with the Davies equation (43). However, the
synthesis of Ga(IIll)HDFOB* and Mn(I)HDFOB® required
modifications to the basic synthetic procedure. Because
Ga(Il)Cls is a highly hydroscopic solid that decomposes upon
exposure to air, a concentrated (0.56 M) solution was used
to introduce the metal to the DFOB solution to form the
Ga(IIHDHDFOB* complex. The Mn(II) complex was prepared
as above, except the solution was prepared in a serum bottle
with a continuous nitrogen purge to avoid air-oxidation of
the complex (14). Attempts to produce Fe(IDHDFOB? in an
anaerobic glovebox complexes were unsuccessful, most likely
due to autoxidation (15, 44).

X-ray Spectroscopy of Metal —Hydroxamate Complexes.
The metal K-edge EXAFS spectra of solutions (50 mM)
containing Cu({DHDFOB? at pH = 10.0, NiIDHDFOB? at pH
=9.0, Ga(IHHDFOB* at pH = 9.0, and Mn(IDHDFOB? at pH
= 9.7 were measured at the Stanford Synchrotron Radiation
Laboratory (SSRL) beamline 11-2 at room temperature with
aLytle detector in fluorescence mode. The Zn K-edge EXAFS
spectrum of a 50 mM solution of Zn(INHDFOB® at pH = 9.5
was collected at Advanced Light Source (ALS) beamline 10.3.2.
Spectra of the model compounds [50 mM solutions Cu(II)Cl,,
Cu(IDEDTA, Ni(I)Cl,, Ni(IDEDTA, Ga(Il)Cl;, and Ga(lI-
DEDTA] were collected at SSRL beamline 2-3 at room
temperature in transmission mode. Sample holders had a
2.5 mm wide and 30 mm long aperture covered with 0.0005-
in.-thick Kapton tape.

Structural Modeling of EXAFS Spectra of Metal—
Hydroxamate Complexes. Spectra were background-sub-
tracted, splined, and fit in R-space (45) over the range R =
1—6 A via the SIXPack interface (46), which makes use of the
IFEFFIT engine (47). Amplitude and phase functions were
derived from fitting spectral data by use of the FEFF6l code
with single-scattering paths. The amplitude reduction factor
(S?) was fixed for all shells at 0.835 for Mn (48) and 0.86 for
Zn (49), based on previous work by our group, and at 1.0 for
Ga, 0.96 for Ni, and 0.90 for Cu, based on spectral fits
for model compounds (results not shown). For each sample,
the parameter AE, was allowed to float during optimization
but was linked to a common value for all shells. Unless
otherwise noted, the coordination number (N) was fixed for
all shells based upon the physical model described below.
Interatomic distances (R) were independently optimized for
each shell; the Debye—Waller parameter (0?) was allowed to
float during optimization and was independent for each shell.
Uncertainty in optimized EXAFS parameters is reported as
standard deviation, except for coordination number, which
is assumed to be +20% (50).

To fit the spectra of M""HDFOB?* " complexes, we
employed a three-shell model based on the known structure
of Fe(IIHHDFOB™ (16, 30, 31). The first shell represents the
oxygen atoms directly coordinating the metal (Figure 1). For
this shell, Nwas allowed to float freely, except for Cu(Il) (see
below).The second shell represents the carbon and nitrogen
atoms contained in the hydroxamate moieties and is modeled
as a single shell of six carbon atoms. A third shell, modeled
as 25 carbon atoms, represents the average position of the
atoms in the C/N backbone. Based on poor fits to an
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FIGURE 1. Structural basis for the modeling of EXAFS spectra
of M™"HDFOB" 2 complexes. The distal oxygen atoms in the
amide moieties of the backbone are not included in the model.
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FIGURE 2. K-edge EXAFS spectra of Ga(ll)HDFOB,

Cu(I)HDFOB®, Ni(ll)HDFOB®, Zn(I)HDFOB®, and Mn(II)HDFOB®.
Solid lines indicate experimental data, while open points
indicate the fit of a structural model. Optimized fitting
parameters are shown in Table 1.

undistorted octahedron, this model was modified (16) to
account for the Jahn—Teller axial Cu—O bond lengthening
in Cu(IDHDFOB? (51) by splitting the first shell into two shells,
containing two (axial) and four (equatorial) atoms; however,
unlike the Mn(II)HDFOB* complex (I6), the fit was not
appreciably improved by splitting the second shell, and thus
the Cu(IlHDFOB? spectrum was fit with a single second shell
of six C atoms.

Results
Structure of Metal—Siderophore Complexes. Figure 2 shows
the EXAFS spectra and Fourier transforms (FTs) of
M""HDFOB" 2 complexes. The FTs of all complexes show a
large peak at R+ ARnear 1.6 A, with smaller peaks appearing
at longer distances. The first FT peak corresponds to the
oxygen atoms coordinating to the central metal ion. The peaks
at longer distances correspond to a second shell of C/N (ca.
2.1 A R+ AR) associated with the hydroxamate groups and
a third shell of C/N atoms (ca. 3.5 A R+ AR) associated with
the backbone of the molecule (16, 30, 3I). Results of the
model fits are shown in Table 1. The first-shell coordination
number determined for each complex (5.4 < Ny < 6.2) is
consistent with octahedral coordination, as previously
established for several M**"HDFOB" 2 complexes (16, 30—32).
First- and second-shell interatomic distances agree well
with those found in very similar metal complexes. First shell
M—O distances for Ga(IlDHDFOB" (1.976 + 0.007 A),
Zn(IHHDFOB® (2.034 + 0.006 A), and Ni(IDHDFOB® (2.044
+0.005 A) are in the range reported for corresponding solid-
phase metal monohydroxamate complexes (1.970—1.974,
2.006—2.067, and 2.017—2.111 A, respectively) (52). Addition-
ally, there is good agreement between our first- and second-
shell distances and those inrelated complexes. Gallium—oxygen
bond distances in aqueous octahedral carboxylate complexes



TABLE 1. Amplitude Reduction Factors, Coordination Numbers, Interatomic Distances, and Dehye—Waller Factors for

M"*+HDFOB"~2 Complexes Derived from EXAFS Fitting®

second shell M—C/N third shell M—C/N

first shell M—0
metal ng No Ro (A) 002 (AZ)

Ni(ll) 0.90 6.2 2.044[5] 0.0061[8]
Zn(ll) 0.86 (49) 5.4 2.034[6] 0.0073[9]
Mn(ll) 0.835 (48) 5.8 2.164[9] 0.008[1]
Ga(lll) 1.0 6.0 1.976[7] 0.006[1]
Cu(ll) 0.90 4bc1,920[4] 0.0038]3]

2be  2.30[3] 0.017[5]
Mn(lll) (76) 0.835 (48) 4b°  1.931[6] 0.0044[4]

2be 2.19[2] 0.004[1]
Col(ll) (76) 0.84 (16) 6.1 2.072[5] 0.0110[9]
Co(lll) (76) 0.84 (16) 6" 1.884[3] 0.0029[4]
Fe(lll) (716, 37)  0.87 (16) 5.3 2.016[5] 0.0025]6]
Fe(lll) (30) 0.9 (30) 6.3 2.01[1] 0.007
Cd(ll) (32) 5.8 2.27[1] 0.0086

Ncmz" Remz (A) O'c/sz (Az) Nes Rens (A) UCINSZ (Az)
6 2.81[2] 0.009[1] 25 4.42[3] 0.017[4]
6 2.83[1] 0.008[1] 25 4.48]6] 0.027[9]
6 2.99[8] 0.03[1] 25 4.69[7] 0.03[1]
6 2.80[2] 0.006[1] 25 4.47[5] 0.018[6]
6 2.70[1] 0.007[1] 25 4.28[3] 0.020[4]
4° 2.80[1] 0.0029[9] 25 4.35[6] 0.025[8]
2¢ 3.30[4] 0.005[4]

6 2.87(2] 0.017[2] 25 4.57[4] 0.025[5]
6 2.667[8] 0.0041[8] 25 4.19[4] 0.018[5]
6 2.840[9] 0.0022[8] 25 4.39[3] 0.013[4]
5.4 2.84[1] 0.004 12.6 4.06[1]

5.8 3.10[2] 0.0038

2 Numbers in brackets are experimental uncertainties in the last decimal place. Error in N is estimated as +20% (74).
b Fixed coordination number. ° N = 4 and N = 2 represent oxygen atoms at equatorial and axial positions, respectively, of

Jahn—Teller distorted complexes [e.g., Cu(ll)HDFOB®

and Mn(Ill)HDFOB™].

Data for Co(l)HDFOB?, Co(ll)HDFOB™,

Mn(lI)HDFOB™, and Fe(ll)HDFOB™ are from Duckworth et al. (16, 37) and Edwards et al. (30). Data for Cd(/I)JHDFOB® are

from Mishra et al. (32).

(1.95—2.05 A) agree well with our first-shell M—O distances
(53, 54). Our 2.80 + 0.02 A second-shell distance is close to
the 2.73 A distance seen for carbons in the five-membered
rings of the aqueous Ga—citrate complex (54). For Ni(Il)H-
DFOB?, our first- and second-shell distances agree well with
the 2.06 A Ni—O and 2.85 A Ni—C distances found for
corresponding shells in aqueous octahedral Ni—organic acid
and Ni—humic acid complexes (55, 56). For Mn(I)HDFOB?,
our first- and second-shell interatomic distances of 2.164 +
0.009 and 2.99 + 0.08 A are in the range of corresponding
distances (2.12—2.16 and 3.03—3.09 A) reported for dissolved
Mn(II) complexes with functionalized thiazolidine-4-car-
boxylic acids (57).

Deviations from Octahedral Coordination. Divalent
copper commonly forms complexes with Jahn—Teller dis-
torted octahedral coordination (58). To accommodate this
distortion in our model for Cu(INHDFOB?, we split the first
shell such that it contain two atoms in axial positions (ax)
and four atoms in equatorial positions (eq) at independent
distances. Our first-shell equatorial distances (Req = 1.920 £
0.004 A) agree well with Cu in a number of solid and aqueous
octahedral complexes (59—64). Axial O atoms are difficult to
fit in EXAFS spectra and are often omitted from structural
models (64, 65); indeed, 0,2 = 0.017 A2 we determined is
relatively large, indicating relatively large thermal and static
disorder. Nonetheless, our axial Cu—O bond distance (R, =
2.30 + 0.03 A) agrees well with reported Cu—O axial bond
distances (60, 62). Second-shell equatorial Cu—C/N inter-
atomic distance (2.70 + 0.01 A) are near those reported in
the literature for related complexes in solution (61, 62).

Zinc is commonly found in multiple coordination states
in the environment (58). Our first-shell M—O bond distance
for Zn(IDHDFOB' (2.034 4 0.007 A) is considerably shorter
than the Zn—0 bond distances (2.07 A) in hexaaquo—Zn and
Zn—citrate complexes (66, 67) but longer than the Zn—0O
bond distances (1.96 A) of tetrahedral ZnO, (68). Our bond
distance, coupled with a somewhatlow coordination number
of 5.4, suggests that a fraction of the Zn(II) in our system may
be in 5-fold, or possibly 4-fold, coordination (69). Although
pH-dependent metal—siderophore speciation is often simple
(30), recent work has uncovered a surprisingly complicated
coordination chemistry for Pb(II) and DFOB (32), a system
with stability constants similar to those of Zn(II) with DFOB
(2). However, our data do not support an unambiguous
quantitative decoupling of these complexes, which are
generally consistent with the presence of Zn(II) complexes

2.7
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y=(0.89+0.15)x + (1.42+0.11)
2.5 R*=0.958

Five-Fold Coordination

53] »=(0.90=0.11)x + (142+0.08) cd(

< R=0.977
?
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Ga(III) f Zn(ID)
Fe(I1) Six-Fold Coordination
1.9 rY Zn(II)
Co(III) Five-Fold Coordination
1.7
0.5 0.6 0.7 0.8 0.9 1.0

ionic radii (&)
FIGURE 3. Average metal—oxygen bond distances versus ionic
radii (77). A best-fit line is drawn for ionic radii in octahedral
coordination (¢). When multiple electron configurations are
accessible, all metals are assumed to be in the high-spin state
except Co(lll), which is believed to be in low-spin configuration
in Co(ll)HDFOB* (176). (O) lonic radius of Zn(ll) in 5-fold
coordination. For Jahn—Teller distorted complexes [e.g.,
Cu(I)HDFOB® and Mn(ll)HDFOB™], average bond distances are
coordination-number-weighted averages to account for complex
distortion. Data for Co(ll)HDFOB®, Co(lll)HDFOB*, Mn(ll)HDFOB™,
and Fe(ll)HDFOB™ are from Duckworth et al. (76, 31). Data for
Cd(I)HDFOB® are from Mishra et al. (32).

in 5- or 6-fold coordination or a mixture of complexes in 4-,
5-, and 6-fold coordination (69). Second-shell C/N distances
are consistent with those found for complexes with ligands
that form five-membered chelate rings with zinc (66, 69, 70).

Discussion

Metal—Oxygen First Coordination Shell. The number,
distance, and denticity of M—O bonds at the chelation core
are directly related to key geochemical properties of com-
plexes, notably including stability. A plot (Figure 3) of the
average metal—oxygen bond distance, from this and previous
studies (16, 31, 32), versus the corresponding average metal
ionic radius (Table 1 in Supporting Information) yields a
linear relationship (52). Literature data for Pb(I) are excluded
from this plot and from further analysis due to uncertainties
in its speciation and coordination number (32). For
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FIGURE 4. Plot of average first-shell Debye—Waller factor (0?)
versus log Kyr+uproge—2 Stability constants (1, 2, 14, 16, 19) are
corrected to the infinite dilution reference state by use of the
Davies equation (43). For Jahn—Teller distorted complexes [e.g.,
Cu(I)HDFOB® and Mn(lI)HDFOB*], Deybe—Waller factors are
coordination-number-weighted averages to account for complex
distortion. Dashed lines represent 95% confidence intervals.
Data for Co(l)HDFOB’, Co(ll)HDFOB*, Mn(ll)HDFOB*, and
Fe(lI)HDFOB* are from Duckworth et al. (76, 31). Data for
Cd(I)HDFOB® are from Mishra et al. (32).

Jahn—Teller distorted complexes [viz. Mn(II)HDFOB* and
Cu(IDHDFOBY], average bond distance is defined as the
coordination-number-weighted average of axial and equato-
rial bond distances [viz. (2R, + 4Rey)/6]. The best-fit
regression line possesses a slope (R? = 0.958; m = 0.89 +
0.15) that is statistically equal to the expected slope of unity;
furthermore, the y-intercept of 1.42 + 0.11 A is within error
estimates of the reported ionic radius (1.35 A) of doubly
coordinated oxygen (71), which is the coordination environ-
ment oxygen atoms in the core of MYHDFOB? * complexes
(Figure 1). Interestingly, the correlation (R?=0.977; m= 0.90
=+ 0.11; regression line not shown) is measurably improved
if the ionic radius of Zn(II) in 5-fold coordination (Figure 3,
O) is utilized in the analysis instead of that of Zn(II) in
octahedral coordination. This observation provides further
permissive evidence that nonoctahedrally coordinated
Zn(I1)—DFOB complexes may be present in our sample.

Thermal and static disorder of the oxygen atoms in the
first coordination shell is related to the complex stability
constant. A negative correlation exists (R? = 0.750) between
log Kv+nprop»-2 for 10 metal complexes (Table 1 in Supporting
Information) and the first-shell average Debye—Waller factor
(00?), ameasure of thermal and static disorder of the oxygen
atoms around the metal center (Figure 4). (For Jahn—Teller
distorted complexes [viz. Mn(II)HDFOB* and Cu(Il)HD-
FOB?], the average Debye—Waller factor is defined as the
coordination-number-weighted average of 0o? [Viz. (20.° +
40.4%)/6].) This correlation suggests that the structural details
of the first oxygen shell are important to the energetics of the
complex.

To a first approximation, hard metal—oxygen bonds can
be treated as harmonic oscillators with force constants being
analogous to bond strength (72). Strong complexes are
expected to have stronger electrostatic interactions between
the hard oxygen atoms and charge-dense hard metal ions
(viz. trivalent ions), and hence possess stronger bonds with
significantly higher force constants. Consequently, these
bonds are expected to have smaller amplitudes of vibration,
and hence smaller thermal disorder contributions as com-
pared to complexes containing softer metal ions (viz. divalent
ions). This prediction is consistent with the general trend,
as well as the segregation of trivalent and divalent metal
complexes, observed in Figure 4. Crystallographic data
suggest that static disorder may also contribute to the
correlation in Figure 4. Crystallized Fe(III)~DFOB (73) and
metal—hydroxamates (52) exhibit two distinct M—O bond
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FIGURE 5. Plot of the average first-shell M—0 (@),
second-shell M—C/N (m), and third-shell M—C/N (®) distances
normalized by metal ion charge versus log Kyrpuprop2 Lite-
rature stability constants (1, 2, 14, 16, 19) are corrected to the
infinite dilution reference state by use of the Davies equation
(43). For Jahn—Teller distorted complexes [e.g., Cu(ll)HDFOB®
and Mn(Il)HDFOB*], average bond distances are coordination-
number-weighted averages to account for complex distor-
tion. Data for Co(ll)HDFOB®, Co(ll)HDFOB*, Mn(lI)HDFOB*, and
Fe(ll)HDFOB* are from Duckworth et al. (76, 317). Data for
Cd(I)HDFOB® are from Mishra et al. (32). Dashed lines represent
95% confidence intervals. Vertical lines connect data points to
labels specifying the complexed metal.

distances corresponding to the two distinct types of oxygen
atom (viz. C=0 and N—O") in the coordinating hydroxamate
moieties of the first shell. The M—O(N) bonds are slightly
shorter than M—O(C) bonds, mostly likely because of the
negative charge on N—O~ (as opposed to neutral C=0) in
the dominant resonance structure of hydroxamate. Differ-
ences in the M—O(C) and M—O(N) bond lengths tend to
increase with increasing metal ionic radius for hydroxamate
complexes (52). Hence we expect that static disorder in the
coordination core for M""HDFOB" 2 complexes should
increase with bond distance (and thus log Kyr+upros2 cf.
Figure 5), which is also consistent with the trend observed
in Figure 4. Our results thus suggest that small ionic radius
and higher charge on the central metal cation favor more
stable complexes with less disorder among the coordinating
oxygen atoms at the complex core.

Quantitative Structure—Activity Relationships. The
strengths of M—O bonds in the complex’s core are directly
related to complex stability (24, 25). Studies have shown a
correlation between log Ky+upros2 and ionic potential (z/
IR) (27). This type of correlation, which has been used in a
slightly modified form [z/(47IR?)] to estimate metal binding
constants for catechol and acetohydroxamic acid (29), is
rationalized by noting that charge-dense hard metals with
high ionic potentials interact strongly with the hard oxygen
atoms in siderophore moieties. However, the ionic radii
utilized in these relationships are based on bond distances
derived from crystalline solids (7I), not the aqueous com-
plexes themselves, and thus neglect any of the specific effects
of ligand—metal interactions on coordination chemistry. A
similar correlation based on charge-normalized average
metal—oxygen bond distances (M—O/z) measured in situ
for aqueous DFOB complexes is shown as the bottom line
in Figure 5. This correlation utilizes M—O/z as the inde-
pendent variable instead of z/IR because the former is
convenient for the comparison of stability constants with
second- and third-shell interatomic distances, as discussed
below.

Predictive relationships for the estimation of stability
constants are most useful when based on widely available
published data, such as tabulated ionic radii (71). In addition



to a comparison of bond distances to ionic radii (Figure 1), we
compare correlation results based on the directly measured
M—O0 bond distances from this study to correlations based on
published ionic radii (Figure 1 in Supporting Information). The
correlation coefficient for log Ky +upros2 plotted against our
charge-normalized M—O bonds distances (k2= 0.966) is greater
than that for a regression using the charge-normalized ionic
radius (R2=0.918), indicating that in situ measurements provide
a more accurate assessment of the relationship between
structure and stability. However, the similarity in correlation
constants is useful in that it validates the use of published ionic
radii for the estimation of M"*"HDFOB" 2 stability constants. In
addition, this study, coupled with previous work (27, 29),
suggests that this type of correlation may be useful for other
siderophores that have a sufficient number of known stability
constants to support correlation analysis.

Additional structural parameters trend with the log K of
M""HDFOB" 2 complexes. The charge-normalized average
M—C/N interatomic distances in both the hydroxamate
moieties and the molecule’s backbone correlate with log
Kur+nprop-2 (Figure 5). Because there is no direct bonding
between the metal center and C/N atoms, correlations based
on interatomic distances cannot be rationalized in the same
way as for M—O bonds. Instead, these relationships may
indicate that changes in structure resulting from difference
in metal size propagate through the complex. Moreover, the
slopes of the best-fit regression lines for each shell increase
with the distance of the shell from the metal center, suggesting
that small changes in the coordination center at the core of
the complex are indeed amplified in the surrounding shells,
significantly affecting the overall size and structure of the
complex. Understanding these systematic changes in struc-
ture with metal identity may be critical for elucidating the
fundamental mechanism by which microbes select metal—
siderophore complexes. Structural changes in the siderophore
near the complex core have been known to alter uptake, and
large differences have been noted in the uptake of different
trivalent metal—siderophore complexes (39), highlighting the
potential selective relationship between microbial receptors
and metal—siderophore complexes.

The results of this study also help to elucidate the
fundamental structural factors that control the stability of
metal complexes with hexadentate ligands, including high-
affinity biogenic chelating agents. Given the overwhelming
structural diversity of siderophores (19), understanding which
factors control metal binding and selectivity is critical to
generalizing results from well-studied model systems (viz.
DFOB) to the other environmentally relevant siderophores.
In situ measurements reveal that M""HDFOB" 2 complex
stability is strongly correlated with interatomic distances,
thus affirming, refining, and extending existing predictive
relationships (27). In addition, correlations presented herein
elucidate relationships between stability constants and both
complex size and disorder. These correlations relate stability
constants to structural parameters that may prove to be
critical to understanding microbial metal uptake and other
key aspects of environmental reactivity.
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